1. Introduction {#sec1-materials-12-03696}
===============

In the field of biomaterials, bioactive glasses (BGs) have been extensively used for hard and soft tissue engineering applications from tissue healing to cancer therapy \[[@B1-materials-12-03696],[@B2-materials-12-03696],[@B3-materials-12-03696],[@B4-materials-12-03696],[@B5-materials-12-03696],[@B6-materials-12-03696],[@B7-materials-12-03696]\]. It has been well documented that BGs can promote the tissue healing process by locally releasing specific metal ions at therapeutic concentrations \[[@B8-materials-12-03696],[@B9-materials-12-03696],[@B10-materials-12-03696]\]. However, the ability to bond to the living tissues, i.e., bioactivity, is recognized as the most prominent feature of BGs as compared to other types of biomaterials when they are implanted in the human body. The formation of a hydroxycarbonate apatite (HCA) layer on the glass surface after contact (within minutes to hours) with biological fluids (e.g., plasma) is regarded as a prerequisite for bonding to the bone and collagenous tissues. The formation of an HCA layer on the surface of BGs was also shown to occur in vitro upon soaking in a simulated body fluid (SBF) mimicking the inorganic composition of human plasma \[[@B11-materials-12-03696]\]. Therefore, immersion studies in SBF have been adopted by the scientific community as a simple test to assess the HCA-forming capability of biomaterials \[[@B12-materials-12-03696]\]. However, it was pointed out that bioactivity measurement using SBF may lead to false positive and false negative results in some cases \[[@B13-materials-12-03696]\]; hence, over the last years, there has been an increasing effort in refining the SBF-based testing method \[[@B14-materials-12-03696],[@B15-materials-12-03696],[@B16-materials-12-03696]\].

HCA forms through a series of chemical reactions in the biological environment \[[@B17-materials-12-03696]\] ([Figure 1](#materials-12-03696-f001){ref-type="fig"}). Traditionally, the glasses with up to \~53 mol.% SiO~2~ in the composition of Na~2~O-CaO-P~2~O~5~-SiO~2~ are recognized as materials with the ability to bond to both hard (e.g., bone) and soft (e.g., skin) tissues, while those with 53 to 60 mol.% SiO~2~ can only bond to the bone. From a general viewpoint, melt-derived silicate glasses with less than 60 mol.% SiO~2~ are identified as bioactive materials \[[@B18-materials-12-03696]\].

Many researchers have taken benefit from the bioactivity of BGs to improve the surface characteristics of bioinert materials like inert bioceramics (e.g., zirconia and alumina) \[[@B19-materials-12-03696]\]. Metallic implants have also been coated with BGs by using various methods, such as plasma-sprayed deposition technique, electrophoretic deposition, sol-gel process, and magnetron sputtering \[[@B20-materials-12-03696],[@B21-materials-12-03696],[@B22-materials-12-03696]\].

Methods aimed at functionalizing or somehow modifying the surface of BG powders or scaffolds have also been proposed to improve the glass performance further, and obtain more desirable outputs regarding the biological applications \[[@B23-materials-12-03696]\]. As an illustration, the enhanced binding of proteins on the BGs was observed after functionalizing their surface with glutaraldehyde (GA) \[[@B24-materials-12-03696]\]. Moreover, improvement of the glass biocompatibility was also documented as an additional result of the surface modification of the glasses \[[@B25-materials-12-03696]\].

Generally, the surface of BGs can be modified by physical (e.g., change in surface topography) and chemical/biochemical (e.g., adsorption of molecules by atomic layer deposition, covalent grafting of biomolecules/drugs, etc.) approaches. Surface reactivity of bioactive glasses can be successfully exploited in the functionalization strategies, and the typical properties of BGs (e.g., ion release, bioactivity) can be maintained and combined with new customized functional features (e.g., antibacterial, antioxidant, anticancer properties, etc.) \[[@B26-materials-12-03696],[@B27-materials-12-03696]\]. Moreover, surface modification of bioactive glasses can be intended both for the improvement of bioactivity/biological response, as well as for the compatibilization of glass particles with other phases \[[@B28-materials-12-03696]\]. Most of the methods used for surface modification of BGs are usually simple, straightforward and relatively inexpensive.

Apart from "conventional" melt-derived BGs, it has been shown that surface modification can be useful for improving the biological functions of mesoporous BGs (MBGs), too. For instance, the improvement in the amount of drug-loaded into and released from MBGs has been previously documented as a result of surface modification \[[@B29-materials-12-03696]\].

In this review study, we describe the importance of surface modifications of BGs and show their effects on biological activities in the living systems. Although there is a large number of studies on surface modification of other biomaterials, such as calcium phosphates, little research is available on functionalizing different formulations of BGs. Therefore, we aim to bridge this gap and highlight the importance of this issue in the field of glass science in order to promote discussion and stimulate further research.

2. Mechanisms of Surface Modification of BGs {#sec2-materials-12-03696}
============================================

It has been previously well studied that surface properties of biomaterials are very important factors controlling the fate of their implantation in vivo. Physical properties of the surface, including topography, particle size (in the case of particulate systems), porosity, pore size, and charge can dictate the interactions between biological components (e.g., proteins) and biomaterials \[[@B30-materials-12-03696]\]. These aspects, which essentially involve the tailoring of surface micro- and nano-roughness to elicit a favorable biological response (e.g., improved cell adhesion or tissue on-growth), have been intensively investigated for metallic biomaterials \[[@B31-materials-12-03696]\]. Surface nano-texturing seems to be less important in the case of bioactive glasses that are inherently reactive upon contact with biological fluids and tend to be coated by a surface HCA layer. It was demonstrated that higher the surface nano-porosity, higher the specific surface area and, hence, higher the apatite-forming kinetics of bioactive glasses (highly-porous sol-gel vs. melt-derived materials) \[[@B32-materials-12-03696],[@B33-materials-12-03696],[@B34-materials-12-03696],[@B35-materials-12-03696]\]; however, fast bioactive reactions were observed both in vitro and in vivo (actual bonding to hard and soft tissues) also when non-porous biomedical glasses are used \[[@B36-materials-12-03696],[@B37-materials-12-03696],[@B38-materials-12-03696],[@B39-materials-12-03696]\].

Strategies of chemical surface modification using coupling agents or pH changes are more suitable and effective in the case of BGs. Other approaches of surface modification involve the deposition of coatings, the use of radiations and the development of core-shell systems. [Table 1](#materials-12-03696-t001){ref-type="table"} summarizes the results of previous works dealing with the surface modification of BGs by different methods, which are discussed in the following sections \[[@B26-materials-12-03696]\].

2.1. Surface Modification by Chemical Agents {#sec2dot1-materials-12-03696}
--------------------------------------------

Among the various substances used for surface modifications of biomaterials, surfactants are considered as the most powerful agents with satisfactory outcomes \[[@B51-materials-12-03696],[@B52-materials-12-03696],[@B53-materials-12-03696]\]. Moreover, the functionalizing process using surfactants is simple, straightforward, and without the high costs.

Several functional groups (e.g., NH~2~ or COOH) have been introduced on the surface of BGs in order to act as active sites for specific properties or further molecular grafting. The most commonly-used one is the amino group (NH~2~), introduced on the surface of BGs by means of silanization with (3-aminopropyl) triethoxysilane (APTS, C~9~H~23~NO~3~Si). A summary of these surface modifications has been discussed by Ferraris and Verné in Reference \[[@B26-materials-12-03696]\] and is briefly summarized here in [Table 2](#materials-12-03696-t002){ref-type="table"}.

The role of APTS in the surface functionalization of BGs is shown in [Figure 2](#materials-12-03696-f002){ref-type="fig"}. APTS was reported by Verné et al. as a proper agent for covalently bonding bone morphogenetic proteins (e.g., BMP-2) to the surface of BGs, like CEL2 (molar composition---45% SiO~2~, 3% P~2~O~5~, 3%, 26% CaO, 7% MgO, 15% Na~2~O, 4% K~2~O) \[[@B40-materials-12-03696]\]. APTS is considered as a common silane agent containing amino groups, which could promote the formation of spherical HCA agglomerates without decreasing the bioactivity of the glasses \[[@B56-materials-12-03696]\]. In an aqueous environment, the hydrolysis of APTS leads to the formation of silanol groups, which could react with hydroxyl groups onto surfaces \[[@B66-materials-12-03696]\]. [Figure 2](#materials-12-03696-f002){ref-type="fig"} shows the different steps involved in the surface modification of 45S5 Bioglass^®^-based scaffolds through the treatment with APTS. As shown, the surface modification could be divided into four steps including (I): Hydrolysis, (II) condensation reaction, (III) hydrogen bonding, and (IV) bond formation \[[@B43-materials-12-03696]\].

Apart from promoting bioactivity, APTS has been used in several studies to improve other properties of BGs, such as cytocompatibility. As an illustration, Magyari and coworkers assessed and showed blood compatibility of SiO~2~--CaO--P~2~O~5~ glasses after surface treatment with APTS \[[@B67-materials-12-03696]\]. Moreover, Chen et al. could successfully modify the surface of 58S sol-gel derived BG (60 mol.% SiO~2~, 36 mol.% CaO, 4 mol.% P~2~O~5~) using APTS in order to improve the cytocompatibility of samples \[[@B68-materials-12-03696]\]. Their study was based on the fact that NH~2~-terminated materials (e.g., APTS functionalized BGs) show better cell viability and proliferation in comparison to --OH, --COOH and --CH~3~ terminated substances ([Figure 3](#materials-12-03696-f003){ref-type="fig"}) \[[@B25-materials-12-03696],[@B69-materials-12-03696]\].

In addition to silica-based bioactive glasses, APTS was successfully grafted to phosphate and borate glasses, too \[[@B71-materials-12-03696],[@B72-materials-12-03696]\], thus, opening the opportunity for the surface functionalization of these materials.

Several techniques have been successfully employed for the study of the silanization process on BGs. SEM and EDS analyses can be used for the determination of morphological (surface layer formation) and chemical composition changes (variation of Si, N surface content) attributable to APTS presence \[[@B57-materials-12-03696]\], XPS analyses are also used for the detection of silane molecules on the glass surface, as well as of the typical functional groups of silanes \[[@B40-materials-12-03696],[@B64-materials-12-03696],[@B71-materials-12-03696],[@B72-materials-12-03696]\]. The calculation of atomic ratios between the characteristic elements of APTS molecules (e.g., N) and the substrate ones can give an indication of the silane layer thickness. Similarly, the comparison between the chemical composition results obtained with EDS and XPS, which have different penetration depth (1 μm vs. few nanometers, respectively) can give indications on the thickness of the organic layer. Moreover, FTIR spectroscopy has been employed for the investigation of APTS functional groups on the glass surface (mainly powder) with good results \[[@B57-materials-12-03696],[@B73-materials-12-03696]\]. Finally, contact angle measurement has been shown as a fast and effective method for the determination of silane molecule presence on the glass surface \[[@B40-materials-12-03696],[@B64-materials-12-03696],[@B71-materials-12-03696],[@B72-materials-12-03696]\]. In fact, BGs are highly hydrophilic, due to the presence of OH groups on their surface, whereas APTS is a hydrophobic organic molecule. APTS presence on the glass surface significantly changes the wettability of the material, and this variation can be easily detected.

Recently, the use of zeta potential electrokinetic measurement has been indicated as a promising technique for the determination of the presence of a silane molecule on the surface of BGs \[[@B72-materials-12-03696]\]. The technique detects charge variation at the glass surface in the function of pH and can be successfully used for the monitoring of surface changes upon functionalization (with different kinds of molecules). The high reactivity of BGs upon contact with aqueous solutions (e.g., the electrolyte used for the measurements) can induce some artifacts which should be taken into account.

Glutaraldehyde (GA) is another agent used for surface modification of BGs, which could facilitate protein attachment on the glass surface and improve the protein binding ability \[[@B45-materials-12-03696],[@B73-materials-12-03696],[@B74-materials-12-03696],[@B75-materials-12-03696]\]. GA is usually anchored to the surface of BGs by using APTS as an intermediate. In this route, GA forms an imine bond with the NH~2~ groups of the silane, as suggested by Leivo et al. \[[@B76-materials-12-03696]\]; however, it should be noted that this agent is a cytotoxic substance if not bound to the surface of samples. Gruian et al. in 2012 evaluated the effect of GA as a coupling agent for protein adsorption on a sol-gel BG (45SiO~2~-24.5Na~2~O-24.5CaO-6P~2~O~5~ mol.%) and showed that the modified samples could provide a better protein adherence \[[@B24-materials-12-03696]\]. The same research group in 2013 functionalized another sol-gel BG (56SiO~2~·(40 − x)CaO·4P~2~O~5~·xAg~2~O system, with x = 0, 2, and 8 mol.%) with GA in order to evaluate its hemoglobin affinity \[[@B77-materials-12-03696]\]. The authors showed that the surface modification using GA results in an improvement in the stability of protein attachment and induce polymerization of hemoglobin molecules.

Tetraethoxysilane (TEOS, C~8~H~20~O), as the source of silicate, is one of the most widely used compounds in the synthesis process of BGs. TEOS can also be used as a surface-modifying agent for BG surface through the formation of a silica layer with a negative charge (i.e., Si--O^−^) \[[@B46-materials-12-03696]\]. Lusvardi et al. manipulated the surface of Ga-doped 45S5 Bioglass^®^ by using TEOS and APTS separately as surface-modifying agents \[[@B46-materials-12-03696]\]. They showed that the immobilization of APTS on the surface of the glass was less than TEOS. Accordingly, the thickness of the silica layer formed around the glass surface was also higher in the case of TEOS.

The solubility of BGs was influenced by several factors, such as the composition and structure of glass, presence of crystalline phase embedded in a glassy matrix (glass-ceramic materials), and local pH of the environment. On this matter, Li et al. evaluated the effect of different pH values on the solubility and surface modification of phosphate sol-gel bioactive glass-ceramics in the CaO--P~2~O~5~--Na~2~O--SrO--ZnO system \[[@B49-materials-12-03696]\]. They immersed the synthesized samples in acidic (HCl, HF) or alkaline (ammonia-based) solutions at various pH and observed: (1) The residual glass matrix on the surface without any crystalline phase for samples soaked in solution at pH 1.0; (2) web-like layer corresponding to CaP~2~O~6~ covering the entire surface of the sample soaked in solution at pH 3.0; (3) partial dissolution of the glass matrix, as well as precipitation of a new phase Ca~4~P~6~O~19~ forming a petaline layer in solution at pH 10.0 ([Figure 4](#materials-12-03696-f004){ref-type="fig"}). The authors introduced this approach as a simple chemical treatment creating the surface morphology modifications and phase composition. They suggested that the higher level of surface roughness in the newly-formed layer could be beneficial for cell adhesion, due to the increased area available for the cell-implant interfacial bonding.

2.2. Physico-Chemical Techniques {#sec2dot2-materials-12-03696}
--------------------------------

The approaches belonging to this class include the use of plasma, coating procedures or ion-exchange strategies for modifying the surface composition of BGs. Deposition of polymeric coatings combined with plasma activation of BG surface was proposed as a valuable strategy to properly tailor the implant surface characteristics. It has been well understood that the formation of polymeric materials can happen under the influence of ionized gas (plasma) \[[@B47-materials-12-03696]\]; hence, plasma polymerization is recognized as a rapid and clean method for the modification of glasses and BGs in a wet process \[[@B47-materials-12-03696]\]. For example, Wiacek et al. increased the surface wetting and adhesion properties of optical glass plates covered with a BG layer in hyaluronic acid (HA), alginate (AL) or mixed solution by using air plasma treatment in the low-temperature plasma system (see [Figure 5](#materials-12-03696-f005){ref-type="fig"}) \[[@B78-materials-12-03696]\]. They took advantage of this approach to return hydrophilicity of glass surface, which usually decreases after attachment of BG in the polysaccharide solution on the original glass plates. The authors stated that all changes of glass surface were obviously determined by the kind of probe liquid and concentration of BG in the polysaccharide solution.

Larrañaga et al. reported a successful surface treatment of 45S5 Bioglass^®^ particles by using plasma polymerization of acrylic acid to improve the thermal stability of composites made of BG and poly(L-lactide) (PLLA), poly(ε-caprolactone) (PCL) and poly(L-lactide/ε-caprolactone) (PLCL) \[[@B47-materials-12-03696]\]. This approach resulted in preventing the degradation reaction between the Si-O^−^ and C=O groups present on the surface of the glass and polymeric backbone, respectively. Thermal stability was improved accordingly as the onset degradation temperature showed a significant increase in 45S5 Bioglass^®^-filled composites compared to glass-free polymeric counterparts.

Glass-ceramic scaffolds coated with melanin, a natural-derived polymer (pigment) extracted from a cuttlefish (Sepia officinalis), were developed by Araujo et al. \[[@B79-materials-12-03696]\]. The melanin-coated scaffolds were obtained applying a vacuum-assisted dip-coating method and exhibited improved properties in comparison with the uncoated ones, such as faster bioactivity, enhanced mechanical strength and local drug delivery ability, maintaining unaltered the porosity of the glass-ceramic scaffold.

The formation of core-shell based system is another important technique applied for developing glasses and glass-ceramics having desirable surface characteristics \[[@B80-materials-12-03696]\]. Having a more reactive shell at the surface of BGs could be beneficial to further accelerate HCA layer formation and, hence, the implant attachment to the tissue. Moreover, this reactive shell could increase the roughness of the surface, which is an appropriate event for favoring HCA layer formation \[[@B48-materials-12-03696]\]. [Figure 6](#materials-12-03696-f006){ref-type="fig"} shows the topography changes created by the core-shell based system developed by Lopes et al. \[[@B48-materials-12-03696]\]. They modified the surface of melt-derived 45S5 Bioglass^®^ discs by a Ca^2+^-Na^+^ ion-exchange process: Specifically, the glass was immersed in a mixture of molten salts (Ca(NO~3~)~2~ and NaNO~3~ with molar ratio of 70:30) at 480 °C for different time frames (0 to 60 min), and thus, the glass composition could be finely tuned, due to Ca^2+^-for-Na^+^ replacement. The authors stated that selectively changing the chemical composition of the surface layer of the parent BG may create new and more reactive glasses in a shell that surrounds the unchanged core (core-shell type system). The change introduced by the authors was illustrated by the following reaction: Ca^2+^~molten\ salt\ bath~ + Na^+^~glass~ ←→ Ca^2+^~glass~ + Na^+^~molten\ salt\ bath~ ([Figure 6](#materials-12-03696-f006){ref-type="fig"}). They showed that, via this core-shell system, the formation of the silica gel layer was promoted, and the HCA layer formation accelerated, thereby having a positive impact on bioactivity.

Ion exchange, both in molten salts and in aqueous solutions \[[@B81-materials-12-03696],[@B82-materials-12-03696],[@B83-materials-12-03696]\], has also been used for silver surface enrichment of bioactive glasses and glass-ceramics in order to impart antibacterial properties. This route allows confining silver in the outermost surface layer avoiding the use of huge amounts of this metal and consequently reducing costs and cytotoxicity risks. Moreover, the only fraction of silver useful for antibacterial purposes is the one released from the surface: Therefore, by this process, only the effective silver is introduced in the material. Finally, the ion-exchange process can be applied to glass and glass-ceramic components of complex shapes, as well as on coatings and devices \[[@B84-materials-12-03696],[@B85-materials-12-03696]\].

2.3. Radiation-Based Methods {#sec2dot3-materials-12-03696}
----------------------------

A relatively underexplored family of physical strategies to modify the surface of BGs involves the use of radiation with various wavelengths. BG dissolution was shown to increase after gamma irradiation that led to the generation of non-bridging oxygens in the glass network, with significant effects on bioactivity and biocompatibility \[[@B86-materials-12-03696]\]. It has been shown that gamma irradiation (25 kGy) of BG has an impact on the cell biological response, resulting in enhanced proliferation of normal fibroblast cells \[[@B86-materials-12-03696]\].

Micrometric and nanometric texturing were also performed by applying an infrared laser beam on the surface of melt-derived 45S5 Bioglass^®^ to improve the bioactive properties \[[@B87-materials-12-03696]\]. Laser texturing is more popular to obtain microrough patterns on titanium surfaces \[[@B88-materials-12-03696]\], which are known to promote osteoblast attachment and proliferation onto orthopedic implants \[[@B31-materials-12-03696]\].

3. Biological Improvements Carried by Surface Functionalization {#sec3-materials-12-03696}
===============================================================

Surface treatment of BGs is an effective approach to boosting the biological properties of BGs, including increased cell proliferation, osteogenesis, anticancer and antibacterial activities. Surface functionalization was recently applied to MBGs in the attempt of combining the excellent apatite-forming ability of these nano-textured glasses with additional extra-functionalities of biological interest. For example, surface functionalization of MBG-based scaffolds with the aim of improving the attachment, proliferation, and differentiation of human bone marrow-derived mesenchymal stem cells (hBMSCs) has been reported by Zhao et al. \[[@B89-materials-12-03696]\]. They functionalized the surface of MBG scaffolds by using thiol (SH) and amino (NH~2~) groups to form thiol-functionalized MBG (SH-MBG) and amino-functionalized MBG (NH~2~-MBG) scaffolds. The functionalization process had no adverse effects on the textural properties of the glasses, including hierarchical pore architecture (from the meso- to the macro-scale) and total porosity. Moreover, SH-MBG and NH~2~-MBG scaffolds showed similar apatite mineralization ability, as well as cytocompatibility in comparison to the untreated MBG scaffolds. As an important outcome, the SH-MBG and NH~2~-MBG scaffold significantly improved the attachment, proliferation, and differentiation of hBMSCs, confirming the beneficial effect of this kind of surface functionalization for bone tissue engineering applications.

In 2018, Hum and Boccaccini could successfully decorate the surface of 45S5 Bioglass^®^-based porous scaffolds using collagen to improve the biological activity of the samples \[[@B43-materials-12-03696]\]. They cleaned the glass surface to expose reactive --OH groups, and then functionalized the samples using APTS. At the next step, the functionalized glasses were coated by immersion in collagen solution and finally stabilized by cross-linking with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Their results revealed that coating the BG with collagen could result in a significant increase of compressive strength (up to five times) without any adverse effects on the scaffold macroporosity. Moreover, the results obtained from cell viability assay showed an improvement in the proliferation of MG-63 cell line when cultured with the cross-linked and coated glasses in comparison to other groups (uncoated and uncross-linked samples).

Osseointegration, which is a key factor in determining the success of bone implants, is also affected by the surface texture that can be produced by laser ablation. On this matter, Shaikh et al. \[[@B87-materials-12-03696]\] evaluated the effects of the irradiation of a nanosecond laser beam on structural, surface morphology and bioactive property of melt-quenched 45S5 Bioglass^®^. This irradiation caused the formation of porous microstructures (pore size of 50 nm to 2 μm) onto the glass and resulted in a significant improvement in the formation of an HCA layer on the sample surface after incubation in SBF. The authors claimed that this improvement could be effective to promote osseointegration and, thereby, accelerate bone healing.

Besides the improvement of bonding to the bone, another medical application of surface modification of BGs is enhancing their antibacterial properties, which could prevent the formation of biofilm on their surface \[[@B19-materials-12-03696],[@B79-materials-12-03696],[@B80-materials-12-03696],[@B81-materials-12-03696],[@B82-materials-12-03696],[@B83-materials-12-03696]\]. On this matter, Verné and co-workers \[[@B82-materials-12-03696]\] developed a simple method of surface modification by ion exchange to impart antibacterial properties to bioactive glasses and glass-ceramics. Shaikh et al. modified the surface of the 45S5 Bioglass^®^ using a femtosecond laser and investigated its effect on the prevention of adhesion of three species of bacteria (*Staphylococcus aureus (S. aureus*), *Pseudomonas aeruginosa* (*P. aeruginosa*) and *Escherichia coli* (*E. coli*)) \[[@B90-materials-12-03696]\]. The authors treated the surface topography of melt-quenched BG samples using titanium: Sapphire femtosecond pulsed laser by direct laser writing technique. The reason for selecting ultra-short pulsed laser-based surface modification was its advantages, including being a single step, chemical-free process and providing surface treatment localized in both time and space. The obtained results suggested the potential for an enhanced bio-integration of the samples treated with femtosecond laser, due to the superior and faster growth of crystalline HCA-like layer as compared with those treated by the nanosecond laser beam. Moreover, increased roughness and wettability were observed on the glass surfaces after treatment with laser, thereby affecting the surface area of the samples. Since the interactions between bacterial cells and BG surface are primarily determined by micrometric and sub-micrometric levels of surface roughness, the maximum inhibition of bacterial attachment was actually observed in the samples with the highest surface roughness. As another promising outcome, the cytocompatibility of the samples did not reduce after treatment by the laser, further confirming the suitability of this method in imparting desirable characteristics to BG-based bio-implants and devices (see [Figure 7](#materials-12-03696-f007){ref-type="fig"}).

In another study, Zheng et al. prepared monodispersed lysozyme (LY)-functionalized BG nanoparticles for antibacterial and anticancer strategies \[[@B91-materials-12-03696]\]. They took benefit from a simple electrostatic interaction routine to functionalize the BGs by LY molecules. Although the LY-functionalized samples showed bioactivity after immersion in SBF for seven days, the formation of an HCA layer was retarded in comparison to the non-functionalized BG nanoparticles. Antibacterial effects of the LY-BGs were confirmed as the samples at a concentration of 1 mg/mL could kill more than 90% of Gram-positive *Bacillus subtilis* (*B. subtilis*) at 24 h post-incubation. Moreover, the LY-BGs were cytotoxic materials for the human hepatocellular carcinoma (HepG2) cell line, while they have no adverse effect on the human umbilical vein endothelial cells (HUVECs) at the same concentration (10 μg/mL for 24 h). Hence, the authors claimed that the LY-BGs could be potentially used for anticancer applications, too.

Other anticancer approaches involving the use of functionalized BGs include the surface grafting of chemotherapeutic drugs in combination with specific targeting molecules, such as folic acid. For example, Lin et al. \[[@B92-materials-12-03696]\] could functionalize MBGs using folic acid (FA) to prepare a localized site-specific anticancer delivery system. The authors evaluated the release profile of hydrophobic anticancer drug camptothecin (CPT) from the functionalized samples and observed a sustained-release trend for it. The in vitro study showed that cellular uptakes of MBG-FA were considerably higher in HeLa epithelial carcinoma cells as compared to non-cancerous fibroblasts, due to the overexpression of folate receptors (FRs) in cancer cells.

A ferrimagnetic bioactive glass-ceramic (SC45), containing magnetite as a crystalline phase, has been functionalized with chemotherapeutic drugs (doxorubicin and cisplatinum) in order to combine hyperthermic therapy and chemotherapy \[[@B93-materials-12-03696]\]. Both antineoplastic agents were able to bind with superficial hydroxyls exposed groups and revealed different kinetics of uptake and release. Moreover, the same glass-ceramic has been grafted with gallic acid in order to explore the opportunity to obtain anticancer activity with more natural and less toxic compounds \[[@B62-materials-12-03696]\]. In a similar way, natural polyphenols grafted to the surface of bioactive glass demonstrated the ability to promote the growth of healthy osteoblast cell and to selectively kill cancerous one \[[@B94-materials-12-03696]\].

Natural polyphenols (from sage, grape shins or tea leaves) were also considered to impart antioxidant properties to bioactive glasses \[[@B95-materials-12-03696],[@B96-materials-12-03696]\]. As far as sage polyphenols are concerned, they were introduced during the bioactive glass sol-gel synthesis, while in the case of grape and tea polyphenols they were grafted to the surface of a bioactive glass without the employment of any coupling agent. Surface functionalization of bioactive glasses with natural compounds is gaining increasing interest and is the topic of a recent review in the field \[[@B97-materials-12-03696]\]. Surface functionalized BGs were also proposed for DNA delivery in medical and biotechnological applications \[[@B98-materials-12-03696]\].

4. Concluding Remarks {#sec4-materials-12-03696}
=====================

Surface functionalization is a versatile tool for the modification of the outermost surface layer of biomaterials. In this way, it is possible to tailor the interaction of materials with the biological environment, which mainly occurs at the interface, without altering material bulk properties and allowing the combination of the starting features of the specific materials with the ones added at the surface. This kind of procedure is widely studied in the field of polymeric and metallic materials, but is relatively poorly explored in the case of BGs.

BGs are known because of their peculiar reactivity and ability to chemically bond to bone and soft tissues, as well as their ability to release specific ions able to modulate the biological response. These extremely interesting properties can initially induce a certain skepticism about the surface modification of these materials: What will happen to bioactivity and ion release upon functionalization? The scientific literature can encouragingly answer to this question: In fact, the research works published so far (and here reviewed) on surface functionalization of BGs confirm that bioactivity is generally maintained after functionalization and, in addition, the glass is enriched with new specific properties, thus, generating multifunctional materials with high added value.

Moreover, surface reactivity of BGs can be effectively employed for the development of grafting procedures. Considering at these results, surface functionalization of BGs seems to be a highly promising opportunity to further tailor glass properties for the development of innovative and versatile smart implantable platforms for customized therapeutic applications.
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![A series of surface chemical reactions including (**a**) leaching, (**b**) dissolution, and (**c**) precipitation occurs after immersion of BGs and glass-ceramics in biological fluids (e.g., plasma and SBF) to form a hydroxycarbonate apatite (HCA) layer on their surface within minutes to hours.](materials-12-03696-g001){#materials-12-03696-f001}

![Schematic representation of different steps of surface functionalization of 45S5 glass-based scaffolds by using APTS. Adapted from Reference \[[@B43-materials-12-03696]\].](materials-12-03696-g002){#materials-12-03696-f002}

![Schematic representation of procedure of (**a**) the preparation of APTS-BG-maleic acid (MA); (**b**) synthesis of the APTS BG-MA and cysteamine conjugate; (**c**) the APTS-BG-MA and 5-aminoflorescein conjugate; (**d**,**f**) models for cell binding; and protein adsorption (**e**,**f**). With some modifications from ref. \[[@B70-materials-12-03696]\].](materials-12-03696-g003){#materials-12-03696-f003}

![SEM micrographs of (**a**) glass-ceramics of the CaO--P~2~O~5~--Na~2~O--SrO--ZnO system sintered at 650 °C for 4 h, (**b**) the samples after treatment by HCl solution at pH 1.0 for 2.5 min, (**c**) pH 3.0 for 2.5 min, (**d**) pH 10.0 for 2.5 min, and (**e**) pH 10.0 for 10.0 min. Reproduced with permission from Reference \[[@B49-materials-12-03696]\].](materials-12-03696-g004){#materials-12-03696-f004}

![The schematic illustration of the surface wettability changes before and after plasma treatment. Reproduced with permission from Reference \[[@B78-materials-12-03696]\].](materials-12-03696-g005){#materials-12-03696-f005}

![Schematic image of surface modification of 45S5 bioglass by ion exchange technique via immersion of the samples in a molten salt bath. Reproduced with permission from ref \[[@B63-materials-12-03696]\].](materials-12-03696-g006){#materials-12-03696-f006}

![The biological outcomes of surface treatment of BGs by using the laser. (**I**) optical profilometer image of untreated BG (**a**) (sample1); laser-treated at fluence 1.0 J/cm^2^ and sample scanning speed of 35 μm/s (**b**) (sample2); and 15 μm/s (**c**) (sample3). (**II**) SEM micrographs of sample 3 exhibiting no adherence of *S. aureus* (**a**); micrographs showing the attachment of *S. aureus* (**b**), *P. aeruginosa* (**c**), and (**d**) *E. coli* on the surface of untreated BGs. (**III**) The proliferation of INT407 cell line on untreated BGs, the sample3 and (**c**) Petri dish. Reproduced with permission from Reference \[[@B90-materials-12-03696]\].](materials-12-03696-g007){#materials-12-03696-f007}

materials-12-03696-t001_Table 1

###### 

A summary of previously performed studies with the aim of surface modification and functionalization of BGs.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Glass/Composition                                                Agent                                    Techniques                                     Remarks                                                                         Ref (s)
  ---------------------------------------------------------------- ---------------------------------------- ---------------------------------------------- ------------------------------------------------------------------------------- -----------------------------------------------------------------------------------
  45S5 BG\                                                         Alkaline phosphatase (ALP)               Immersed in solution                           Increased enzymatic activity                                                    \[[@B40-materials-12-03696],[@B41-materials-12-03696],[@B42-materials-12-03696]\]
  (46.1SiO~2~-24.4Na~2~O-26.9CaO-2.6P~2~O~5~ mol.%)                                                                                                                                                                                        

  45S5 BG\                                                         (3-aminopropyl) triethoxysilane (APTS)   Immersed in solution                           Improving the mechanical stability\                                             \[[@B43-materials-12-03696]\]
  (46.1SiO~2~-24.4Na~2~O-26.9CaO-2.6P~2~O~5~ mol.%)                                                                                                        Promoting the formation of spherical HCA layer on the surface of BGs\           
                                                                                                                                                           Increasing the kinetics of the release of collagen\                             
                                                                                                                                                           Increasing the surface roughness                                                

  45S5 BG\                                                         APTS/GA                                  Immersed in solution                           Enhancing the protein adsorption and collagen release\                          \[[@B44-materials-12-03696],[@B45-materials-12-03696]\]
  (46.1SiO~2~-24.4Na~2~O-26.9CaO-2.6P~2~O~5~ mol.%)                                                                                                        Reducing the aggressiveness of the adsorption process of proteins\              
                                                                                                                                                           Improving the stability of the protein attachment onto BGs                      

  45Ca30 BG\                                                       Tetraethoxysilane (TEOS)                 Immersed in solution                           Facilitating the formation of silica layer with negativity charge around BGs\   \[[@B46-materials-12-03696]\]
  (45.7SiO~2~-24.1Na~2~O-26.6CaO-2.6P~2~O~5~-1.0Ga~2~O~3~ mol.%)                                                                                           Increasing the surface roughness                                                

  45S5 BG\                                                         \-                                       plasma                                         A rapid and clean method                                                        \[[@B47-materials-12-03696]\]
  (46.1SiO~2~-24.4Na~2~O-26.9CaO-2.6P~2~O~5~ mol.%)                                                                                                                                                                                        

  45S5 BG\                                                         \-                                       Core-shell based system                        Accelerating HCA layer formation                                                \[[@B48-materials-12-03696]\]
  (46.1SiO~2~-24.4Na~2~O-26.9CaO-2.6P~2~O~5~ mol.%)                                                                                                                                                                                        

  Phosphate glass-ceramics\                                        HF, HCl, NH~3~                           Immersed in solutions with various pH values   Showing critical role of pH on the surface morphology of the materials          \[[@B49-materials-12-03696]\]
  (CaO-P~2~O~5~-Na~2~O-SrO-ZnO)                                                                                                                                                                                                            

  Mesoporous 58S BG\                                               KH550                                    Immersed in solution                           Improving the loading\                                                          \[[@B50-materials-12-03696]\]
  (60SiO~2~-36CaO-4P~2~O~5~ mol.%)                                                                                                                         Enhancing the antibacterial effect                                              
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

materials-12-03696-t002_Table 2

###### 

A summary of functional groups used to graft on the glasses and the subsequent biological improvements.

  Functional Group   Method of Introduction                                                                                                                                    Function                                    Ref (s)
  ------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  SH                 2-mercapto-1 ethanol or 6 mercapto-1hexanol grafting                                                                                                      Improve further protein and drug grafting   \[[@B54-materials-12-03696],[@B55-materials-12-03696]\]
  COOH/OH            Triethoxysilylpropyl succinic anhydride or tetraethoxysilane grafting                                                                                     Improve further protein and drug grafting   \[[@B56-materials-12-03696],[@B57-materials-12-03696]\]
  NH~2~              3-aminopropyl-triethoxysilane grafting (most used), 2-amino-1 ethanol, 6 amino-1 hexanol, 2 ethanolamine or Cysteamine grafting (occasionally reported)                                               \[[@B24-materials-12-03696],[@B40-materials-12-03696],[@B41-materials-12-03696],[@B42-materials-12-03696],[@B46-materials-12-03696],[@B54-materials-12-03696],[@B55-materials-12-03696],[@B56-materials-12-03696],[@B57-materials-12-03696],[@B58-materials-12-03696],[@B59-materials-12-03696],[@B60-materials-12-03696],[@B61-materials-12-03696],[@B62-materials-12-03696],[@B63-materials-12-03696],[@B64-materials-12-03696],[@B65-materials-12-03696]\]
